When oxygen supply is restricted, protein synthesis is rapidly abrogated owing to inhibition of global translation. However, HIF-1a protein expression can persist during hypoxia, owing to an internal ribosome entry site (IRES) in the 5 0 -untranslated region of its mRNA. Here, we report on the molecular mechanism of HIF-1a IRES-mediated translation during oxygen deprivation. Using RNA affinity chromatography and UV-crosslinking experiments, we show that the polypyrimidine tract binding protein (PTB) can specifically interact with the HIF-1a IRES, and that this interaction is enhanced in hypoxic conditions. Overexpression of PTB enhanced HIF-1a IRES activity, whereas RNA interference-mediated downregulation of PTB protein expression inhibited HIF-1a IRES activity. Furthermore, hypoxia-induced stimulation of the HIF-1a IRES was reduced in cells in which PTB function was downregulated. In agreement with these results, the IRES activity of HIF-1a IRES deletion mutants that are deficient in PTB-binding could not be stimulated by oxygen deprivation. All together, our data suggest that PTB plays a stimulatory role in the IRES-mediated translation of HIF-1a when oxygen supply is limited.
INTRODUCTION
Most higher organisms depend on an adequate oxygen supply for essential functions, such as ATP synthesis. In order to survive and to restore oxygen homeostasis when oxygen concentration becomes limiting, angiogenesis, erythropoiesis and anaerobic metabolism are stimulated. Most of these responses are mediated by the transcription factor hypoxia-inducible factor-1 (HIF-1), which enhances transcription of several genes, such as vascular endothelial growth factor (VEGF), erythropoietin, lactate dehydrogenase A and insulin-like growth factor 2 (IGF2) (1) (2) (3) (4) (5) (6) (7) .
HIF-1 is a heterodimer composed of two basic helix-loophelix-PAS-domain containing subunits HIF-1a and HIF-1b (8) . In contrast to the b subunit, the HIF-1a subunit is unstable in normoxic conditions owing to oxygen-dependent ubiquitination and subsequent proteasomal degradation (9) (10) (11) . In response to hypoxia, the HIF-1a subunit becomes stabilized and accumulates (8) . Because the concentration of HIF-1a protein is very low during normoxia, de novo HIF-1a protein synthesis is required for the strong increase of the HIF-1a protein during hypoxia. This is supported by the observation that HIF-1a mRNA remains associated with the polysomal fraction whether cells are incubated in normoxic or hypoxic conditions (12, 13) . However, oxygen deprivation does not favor maximal rates of protein synthesis.
Interestingly, Lang et al. (12) identified an internal ribosome entry site (IRES) in the 5 0 -untranslated region (5 0 -UTR) of the HIF-1a mRNA that allows its efficient translation during hypoxic conditions and serum starvation, which agrees with our unpublished results. This mechanism involves direct binding of the small ribosomal subunit to the mRNA at an IRES independently of the cap structure (14, 15) . IRESs, originally discovered in picornaviruses, have been identified in a number of eukaryotic mRNAs (16) (17) (18) . Several of these IRESs were shown to be active in stress situations when cap-dependent translation is repressed, including hypoxia (12, 19) .
The molecular mechanism of IRES-mediated translation is obscure, but it is clear that there is no single universal mechanism used by all IRES elements. For instance, the Cricket paralysis virus intergenic region IRES can recruit ribosomes independently of any transacting factor (20) . In contrast, most other IRESs depend on canonical translation initiation factors and non-canonical IRES transacting factors (ITAFs) for efficient initiation of translation (15) . It has been proposed that the major role of ITAFs is to act as RNA chaperones, either to maintain or to attain the correct 3D IRES structure required for efficient assembly of the 48S ribosomal initiator complex (21, 22) . For example, the binding of the polypyrimidine tract binding protein (PTB) to pyrimidine-rich regions within different IRES sequences modulates the activity of the IRESs. In this way PTB stimulates translation mediated by the polio, HRV, HAV, TMEV, EMCV, Apaf-1, Bag-1 and p27Kip1 IRESs, but inhibits the activity of the Bip and UNR IRESs (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . In this report we demonstrate that PTB binds to the HIF-1a IRES and is involved in the efficient translation of HIF-1a during hypoxia.
MATERIALS AND METHODS

Plasmid construction
The pSV-Sport firefly luciferase expression vector was constructed by inserting the firefly luciferase gene, obtained as a KpnI-XbaI fragment from the pGL3-basic vector (Promega, Madison, WI), in the pSV-Sport plasmid (Life technologies, Paisley, UK). To create the pSV-Sport Renilla luciferase expression vector, the Renilla luciferase gene was amplified by PCR from the pRL-SV40 vector (Promega, Madison, WI) using primers A and B (see below), and ligated as an EcoRI fragment in the pSV-Sport plasmid.
The mouse HIF-1a 5 0 -UTR was isolated by a 5 0 -RACE reaction on poly(A) + mRNA from mouse Ba/F3 cells, using the SMART TM RACE cDNA Amplification Kit (Clontech, Palo Alto, CA) according to the manufacturer's instructions. The gene-specific primers C and D (see below) were used to amplify the HIF-1a 5 0 -UTR. A product of 320 nt was cloned in the pT-Advantage vector, according to the manufacturer's instructions (Clontech, Palo Alto, CA). The HIF-1a 5
0 -UTR that we obtained contains the I.2 exon (gi 2821939) with the initiation codon at position 320. The HIF-1a 5
0 -UTR and the deletion mutants HIF-del1 and HIF-del2 were amplified by PCR with primer pairs E + F, I + F and E + J, respectively (see below). To generate the HIF-delPPT mutant, two fragments of the HIF-1a 5 0 -UTR were amplified using primer pairs E + K and L + F. These two fragments were subsequently fused by fusion-PCR using primer pair E + F. The PITSLRE IRES Di-4 fragment was amplified using primer pair M + N and the Di-4 plasmid as template (32) .
The bicistronic pSV-Sport expression vectors Di-HIF, DiHIFdel1, Di-HIFdel2, Di-HIFdelPPT and Di-PITSLRE were constructed by two successive three-point ligations as follows: (i) the PCR-amplified HIF-1a IRES fragments and PITSLRE IRES were digested with XbaI-NcoI and cloned together with Renilla luciferase (obtained as an NcoI-EcoRI fragment from pSV-Sport Renilla Luciferase) into the XbaI-EcoRI opened pUC18 vector; (ii) IRES-Renilla luciferase inserts were digested with XbaI-EcoRI and ligated to both the firefly luciferase gene (obtained as a KpnI-XbaI fragment from the pGL3-basic vector) and the KpnI-EcoRI opened pSVSport expression plasmid.
Making the monocistronic reporter construct pSV-HIF-Rluc was started by constructing plasmid pCAGGS-HIF-Rluc. This was done by a three-point ligation of the HIF-Renilla luciferase SalI-EcoRI fragment (obtained from the Di-HIF vector) and two fragments generated from the pCAGGS vector with XhoI-PvuI and EcoRI-PvuI. Subsequently the pSV-HIF-R vector was constructed by cloning HIF-Renilla luciferase, obtained as an EcoRI-EcoRI fragment from the pCAGGS-HIF-Rluc plasmid, into an EcoRI opened pSVsport vector.
For the construction of pcPTB see Cornelis et al. (30) . The coding sequence of the PTB fragment, DPTB, corresponding to amino acids 56-260 of the wild-type PTB, was amplified by PCR using the primer pair O + P and the pcPTB vector as template. The amplified fragment was cloned as an EcoRI-BglII fragment in a EcoRI-BglII opened pCAGGS vector.
Human Raf-1 cDNA was amplified using primer pair Q + R and the resultant amplicon was fused to an E-tag as a NotIXhoI fragment in the PCAGGS expression vector.
For UV-crosslinking and RNA affinity chromatography assays, the HIF-1a IRES sequence, the different HIF-1a IRES mutants, the PITSLRE and EMCV IRES were inserted as XbaI-NcoI fragments into the corresponding sites of pUC19T7-fluc vector, described in Tinton et al. (32) .
The following primers were used: A, 5
Cell culture and hypoxic conditions
Human embryonic kidney HEK293T cells (a gift from Dr M. Hall) were maintained in DMEM supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% penicillin, 1% streptomycin, 2 mM glutamine and 1 mM sodium pyruvate. African green monkey kidney BSC1 cells were maintained in DMEM supplemented with 10% heat-inactivated FCS, 1% penicillin, 1% streptomycin and 2 mM glutamine. For hypoxic stimulation, 6 h after transfection the cells were incubated in an atmosphere of 1% oxygen, 5% CO 2 and 94% N 2 at 37 C.
Transient DNA transfection and reporter gene assay
Human embryonic kidney HEK293T cells were transiently transfected by the calcium phosphate precipitation method (33) . BSC1 cells were transiently transfected using lipofectamine plus reagent (Invitrogen) as specified by the manufacturer. For the RNA interference assays, HEK293T cells were seeded at a density of 1.5 · 10 5 cells/well in a 12-well plate. The following day they were transfected with 40 pmol of small interfering RNA (siRNA) duplex (Dharmacon) and 100 ng reporter plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The transfectants were split in wells of a 12-well plate 6 h later. Lysates were prepared 48 h afterwards using 1· Passive Lysis Buffer (Promega). Renilla and firefly luciferase activities were measured using the dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions, and light emission was detected by a Topcount scintillation counter (PerkinElmer).
UV-crosslinking assays and immunoprecipitation
For UV-crosslinking assays, DNA templates for synthesis of the respective RNA probes were generated by linearizing pUC19T7 plasmids containing the EMCV IRES, PITSLRE IRES or different fragments of the HIF-1a IRES with the appropriate restriction enzymes. Internally labeled RNA probes were synthesized by in vitro transcription with T7 polymerase (MAXIscript T7 RNA polymerase kit; Ambion) in the presence of 50 mCi (800 Ci/mmol) [a-
32 P]UTP (Amersham Pharmacia Biotech).
HEK293T cells were used to prepare cytoplasmic extracts for the UV-crosslinking assays. The cells were washed with cold phosphate-buffered saline and recovered by centrifugation at 2500 g for 5 min at 4 C. The pellets were dissolved in 100 ml lysis buffer A [10 mM HEPES-KOH (pH 7.4), 3 mM MgCl 2 , 40 mM KCl, 5% (v/v) glycerol, 1 mM DTT, 0.3% (v/v) Nonidet P40, 200 U/ml aprotinin, 0.1 mM phenylmethlysulfonyl fluoride (PMSF) and 10 mg/ml leupeptin]. The lysates were centrifuged at 20 000 g for 10 min at 4 C, the supernatants were recovered, the protein concentration was adjusted to 10 mg/ml, and the samples were stored at À80 C. UVcrosslinking assays were performed as described in Walker et al. (34) . 32 P-labeled RNA probes (±1 · 10 6 c.p.m.) were incubated with 400 ng recombinant PTB (gift from Dr Richard Jackson) or with 10 ml cytoplasmic extract (100 mg proteins) for 20 min at 30 C in a 25 ml reaction mixture containing 10 mM HEPES-KOH (pH 7.4), 3 mM MgCl 2 , 5% (v/v) glycerol, 1 mM DTT, 100 mM KCl, 40 U RNasin (Promega) and 6 mg tRNA. After RNA binding, the reaction mixtures were irradiated with UV light on ice for 30 min using a 'GS gene pulser UV chamber' (BioRad). The samples were then incubated with RNase A and RNase T1 for 60 min at 37 C. The RNA-protein complexes were resolved on 10% SDS-PAGE, the gels were dried, and the results were visualized with a Phosphorimager (Molecular Dynamics).
For immunoprecipitation, 1.5 ml of mouse monoclonal anti-E-tag antibody (Amersham Pharmacia Biotech) was added to each sample. After overnight incubation at 4 C in a rotary mixer, 30 ml of protein G-Sepharose beads (Amersham Pharmacia Biotech), equilibrated previously in lysis buffer A, were added and incubation was continued for 3 h. After washing six times with 1 ml buffer containing 50 mM HEPES-KOH (pH 7.4), 250 mM NaCl, 1% (v/v) NP-40, 5 mM EDTA, 200 U/ml aprotinin, 0.1 mM PMSF and 10 mg/ml leupeptin, resin-bound proteins were detached from the beads by adding 30 ml of Laemmli sample buffer and heating the mixture for 5 min at 95 C. The proteins were then resolved on 10% SDS-PAGE, the gels were dried, and the results were visualized with a Phosphorimager (Molecular Dynamics).
RNA affinity chromatography
Biotinylated RNA probes were synthesized from linearized pUC19 T7 plasmids by in vitro transcription with T7 polymerase (MEGAshortscript T7 RNA polymerase kit; Ambion) in the presence of biotinylated CTP (ratio 4:1, CTP/bioCTP) (Pierce). Biotinylated RNA (50 pmol) was incubated with 25 ml streptavidin beads (Pierce) in 200 ml binding buffer: 20 mM HEPES-KOH (pH 7.4), 50 mM KCl, 5% (v/v) glycerol, 1 mM DTT, 0.5 mM EDTA, 200 U/ml aprotinin, 0.1 mM PMSF, 10 mg/ml leupeptin and 25 mg/ml tRNA. After 1 h at 4 C in a rotary mixer, beads were washed two times with binding buffer and 200 mg cytoplasmic cell extract (prepared as described above) was added to a total volume of 500 ml; incubation was continued for 2 h. After washing the beads three times with binding buffer and two times with binding buffer in which KCl concentration was adjusted to 100 mM, RNA-bound proteins were eluted by addition of 200 ml Laemmli sample buffer and analyzed by western blot.
Western blot analysis
Cytoplasmic cell extracts were prepared as described above. For analysis of HIF-1a protein expression, total HEK293T cell extracts were prepared by direct lysis in Laemmli sample buffer. Protein concentration was determined by the BioRad RC/DC protein assay protocol (BioRad). Equal amounts of protein were separated by SDS-PAGE, and the proteins were transferred onto nitrocellulose membrane by electroblotting. The blots were probed with 1:1000 dilution of goat anti-PTB polyclonal antibody (Santa Cruz Biotechnology). Mouse anti-b-actin antibody was purchased from ICN Biomedicals and mouse anti-poly(ADP-ribose)polymerase antibody was purchased from Biomol. Monoclonal antibodies against HIF-1a were obtained from Becton Dickinson.
Membranes were incubated with a horseradish peroxidaseconjugated secondary antibody against mouse (Amersham Pharmacia Biotech) or goat (Santa Cruz Biotechnology) immunoglobulin. Proteins were revealed with an enhanced chemiluminescence kit (NEN Renaissance, Perkin-Elmer).
Cellular RNA purification and northern blotting
Total RNA was isolated from transfected HEK293T cells with RNAzol B Reagent (Wak Chemie Biomedical BmbH) according to the manufacturer's instructions. RNA was denatured in glyoxal/dimethylsulfoxide, separated on a 1% agarose gel and transferred by capillary blotting onto a nylon membrane. The filters were UV-crosslinked using a UV Stratalinker apparatus (Stratagene). They were subsequently hybridized with cDNA probes labeled with a-[ 32 P]dCTP by randomly primed DNA synthesis using the Radprime DNA labeling system kit (Invitrogen). Results were visualized with the Phosphorimager (Molecular Dynamics).
RESULTS
The HIF-1a IRES mediates efficient translation during oxygen depletion
It has been shown that the HIF-1a 5 0 -UTR contains an IRES that is capable of mediating translation in conditions where cap-dependent translation is suppressed (12) . Our results confirm this observation. Bicistronic reporter constructs harboring either the HIF-1a IRES (Di-HIF) or the PITSLRE IRES (Di-PITSLRE), as intercistronic sequences cloned between firefly (first cistron) and Renilla (second cistron) luciferase coding sequences, were transfected in HEK293T cells. The transfectants were grown in either normoxic or hypoxic conditions ( Figure 1A ). As expected, the cap-dependent cistron was expressed at a lower level in hypoxic than in normoxic conditions, in both Di-HIF and Di-PITSLRE transfectants. In transfectants in which the HIF-1a IRES drives translation of the second cistron, however, Renilla luciferase expression was sustained and even enhanced by oxygen depletion, while PITSLRE IRES-mediated translation was inhibited to the same extent as the cap-dependent translation.
In order to investigate whether the HIF-1a 5 0 -UTR can also promote translation during hypoxia in a monocistronic context, the HIF-1a 5
0 -UTR was cloned in the pSV-sport vector upstream of the Renilla luciferase coding sequence (pSV-HIFRluc). The pSV-Sport vectors containing the coding sequence for Renilla luciferase (pSV-Rluc) or the firefly luciferase (pSV-Fluc) were used as negative controls. HEK293T cells were transfected with a mixture of pSV-HIF-Rluc and pSVFluc, or a mixture of pSV-Rluc and pSV-Fluc, and then grown in normoxic or hypoxic conditions. As expected, luciferase expression by the vectors devoid of the HIF-1a IRES was inhibited by oxygen depletion. In contrast, the HIF-1a IRES could sustain Renilla luciferase expression in hypoxic conditions. All together, these data demonstrate that the HIF1a IRES can guarantee efficient translation during oxygen deprivation.
PTB binds to the HIF-1a IRES
In order to investigate the molecular mechanism of HIF-1a IRES-mediated translation in hypoxic conditions, we examined its RNA sequence for the presence of ITAF consensus binding sites. This revealed a pyrimidine-rich sequence localized at nt 223-237, which is a potential binding site for the cellular RNA-binding protein PTB.
To examine whether PTB can interact with the HIF-1a IRES, UV-crosslinking experiments were performed. Radiolabeled RNA of HIF-1a IRES, EMCV IRES or PITSLRE IRES was incubated with cell extracts derived from HEK293T transfectants expressing either E-tagged PTB, or E-tagged c-Raf as an irrelevant protein. The EMCV IRES, which interacts strongly with PTB, served as a positive control, and the PITSLRE RNA, which is devoid of pyrimidinerich sequences and does not bind PTB (S. Tinton, unpublished data), served as a negative control. After UV-crosslinking and RNAse treatment, the samples were analyzed by SDS-PAGE (Figure 2A, upper panel) . A P 32 -labeled protein of 58 kDa, corresponding to the size of PTB, is crosslinked with the HIF1a and EMCV IRES probes but not with the PITSLREspecific probe. To confirm the identity of this protein, the UV-crosslinked complexes were immunoprecipitated with anti-E-tag antibody. Figure 2A (lower panel) illustrates the binding of E-tagged PTB to the HIF-1a and EMCV IRESs. As expected, none of the IRES probes revealed any binding to the irrelevant 74kDa E-tagged c-Raf protein.
To test the binding of endogenous PTB to the HIF-1a IRES, RNA affinity chromatography was performed. RNA corresponding to the HIF-1a, EMCV and the PITSLRE IRESs were synthesized in vitro in the presence of biotinylated CTP nucleotides. The biotinylated RNA probes were immobilized on streptavidin-coated beads and incubated with cell extracts from HEK293T cells. After intensive washing, the bound proteins were eluted and separated by SDS-PAGE. Western blot analysis using an anti-PTB antibody confirmed the binding of PTB to the HIF-1a IRES and to the EMCV IRES ( Figure 2B ). No PTB could be bound to PITSLRE IRES RNA or to beads not containing RNA. In order to investigate the specificity of the observed interaction between PTB and the HIF-1a IRES, we examined whether the HIF-1a and the EMCV IRESs can compete for binding with recombinant PTB. To this end, UV-crosslinking experiments were performed in the presence or absence of excess unlabeled HIF-1a or EMCV IRES RNA. Incubation of recombinant PTB with a 10-to 500-fold excess of EMCV IRES RNA abolishes the interaction of PTB with radioactively labeled HIF-1a IRES RNA ( Figure 2C) . Similarly, addition of equal amounts of excess unlabeled HIF-1a IRES RNA also impedes the binding of PTB to radiolabeled HIF-1a IRES RNA, but to a lesser extent. These findings provide evidence for the binding of PTB to the HIF-1a IRES.
The polypyrimidine tract in the HIF-1a IRES is involved in the binding of PTB To investigate whether the pyrimidine-rich tract present within the HIF-1a IRES sequence is involved in the binding of PTB, UV-crosslinking experiments were performed with radiolabeled probes containing the wild-type HIF-1a IRES (HIF-wt) or particular fragments of the HIF-1a IRES. The HIF-del1 and HIF-del2 fragments contain the 3 0 -most half and the 5 0 -most half of the HIF-1a IRES, respectively, whereas the HIF-delPPT fragment differs from the wildtype HIF-1a IRES by a deletion of the 15 nt polypyrimidine tract ( Figure 3A) . The probes were incubated with cytoplasmic cell extracts derived from HEK293T cells overexpressing Raf-E-tag or PTB-E-tag, UV-crosslinked, and immunoprecipitated with the anti-E-Tag antibody ( Figure 3B) . A radioactive PTB-E-Tag band was clearly detected in the reactions with the HIF-wt and HIF-del1 probes, but not with the HIF-del2 or the HIF-delPPT probes. These results demonstrate that the pyrimidine-rich region is important for efficient interaction between PTB and the HIF-1a IRES. All together, these data indicate that the PTB-binding site is located at the 3 0 -most half of the HIF-1a sequence, and that the polypyrimidine tract is involved in this interaction.
Hypoxia promotes the interaction between PTB and the HIF-1a IRES
The HIF-1a IRES mediates efficient translation during hypoxic conditions. In order to investigate the physiological relevance of the interaction between PTB and the HIF-1a IRES, we examined their binding in hypoxic conditions. Cytoplasmic cell extracts were prepared from HEK293T cells grown in 1% oxygen for 0, 8 or 16 h, and induction of HIF-1a protein expression was verified by western blot analysis of total cell extracts ( Figure 4A ). Next, biotinylated HIF1a IRES RNA immobilized on streptavidin-coated beads was incubated in the presence of normoxic (0 h) or hypoxic (8 and 16 h) cytoplasmic cell extracts. The bound proteins were separated by SDS-PAGE and analyzed with an anti-PTB antibody. Figure 3B (upper panel) illustrates that hypoxic treatment of the HEK293T cells coincides with a higher amount of bound PTB, indicating that hypoxia promotes the interaction between PTB and the HIF-1a IRES. Analysis of cytoplasmic extracts from hypoxic HEK293T cells for PTB protein expression shows that oxygen deprivation does not lead to accumulation of PTB protein in the cytoplasm ( Figure 4B , lower panel), excluding that enhanced binding of PTB is due to enhanced expression of PTB in the hypoxic cytoplasmic cell extracts. Any nuclear contamination of the used cytoplasmic extracts was excluded by western blot analysis using an anti-poly(ADP-ribose)polymerase antibody. A sample of HEK293T total cell extract was used as positive control.
Overexpression of PTB stimulates the activity of the HIF-1a IRES
To further investigate a potential role for PTB in the regulation of HIF-1a IRES activity, we examined whether overexpression of PTB can modify the activity of the HIF-1a IRES. Bicistronic reporter constructs harboring either the HIF-1a IRES (Di-HIF) or the PITSLRE IRES (Di-PITSLRE) as intercistronic sequences were transfected in HEK293T cells, in the absence or presence of different amounts of an expression vector containing the PTB coding sequence (pcPTB). Figure 5A shows that overexpression of PTB, results in a concentration-dependent increase in activity of the HIF-1a IRES but not of the PITSLRE IRES. Increasing amounts of PTB were expressed in cells transfected with increasing amounts of pcPTB as confirmed by western blot analysis (data not shown). Similar results were obtained for BSC-1 cells (data not shown).
Many reports illustrate that PTB is also involved in alternative splicing (35) . Therefore, overexpression of PTB might result in aberrant mRNA species derived from the bicistronic vector, which could be responsible for the observed differences in luciferase expression. To exclude this possibility, we investigated the integrity of the bicistronic transcripts following transfection of HEK293T cells with Di-HIF alone (lane 2) or in combination with pcPTB (lane 3) by northern blot analysis ( Figure 5B ). HEK293T cells transfected with the empty pSV-Sport vector served as a negative control (lane 1). Bands corresponding to the expected bicistronic transcripts (3 kb) were detected with a probe against the second cistron (Renilla luciferase), but we could not detect any other transcripts, excluding a role for PTB-dependent splicing in the observed changes in HIF-1a IRES activity. The integrity of Di-HIF mRNA in cells transfected with either Di-HIF alone or in combination with pcPTB, was further investigated through RT-PCR. By this approach we could only amplify a fragment that corresponds to intact dicistronic mRNA (data not shown).
To more functionally demonstrate that translation of the second cistron, in both normal and PTB overexpressing cells, is initiated from an intact dicistronic mRNA, we analyzed the effect of siRNAs directed against the first cistron (si Fluc) on the expression of both cistrons (36) . Figure 5C shows that in cells transfected with Di-HIF in combination with either an empty or a PTB expression vector, siRNA directed against the first cistron inhibits the expression of both the first and second cistron. These results demonstrate that translation of the second cistron is indeed initiated from an intact dicistronic mRNA and that PTB stimulated translation of this second cistron does not result from the possible generation of aberrant cryptic monocistronic mRNAs after PTB overexpression.
We also investigated whether PTB can influence translation initiated by the HIF-1a 5
0 -UTR in a monocistronic context. HEK293T cells were transfected either with a mixture of pSV-HIF-Rluc and pSV-Fluc, or with a mixture of pSVRluc and pSV-Fluc, in the absence or presence of different amounts of the pcPTB expression vector. Figure 5D shows that overexpression of PTB indeed enhances expression of a reporter from a monocistronic mRNA if its 5 0 leader contains the HIF-1a 5
0 -UTR. 
Downregulation of PTB reduces HIF-1a IRES activity
To further demonstrate that PTB is a positive regulator of the HIF-1a IRES, we set up an experiment in which we competed out the effect of endogenous PTB by overexpressing a PTB fragment (DPTB) that contains only the first two of the four RNA recognition motifs present within the wild-type PTB. Overexpression of this fragment significantly represses poliovirus IRES-mediated translation (37) . HEK293T cells were cotransfected with Di-HIF and different concentrations of an expression vector containing the coding sequence of the DPTB polypeptide (pcDPTB). Figure 6A shows that overexpressed DPTB leads to a concentration-dependent impairment of Renilla luciferase expression without affecting the expression of the first cistron. This observation indicates that inhibition of PTB function impedes the activity of the HIF-1a IRES.
In order to further confirm the positive role of PTB in HIF1a IRES-mediated translation, we also used siRNAs to suppress the expression of endogenous PTB. A mixture of four siRNA sequences complementary to the PTB mRNA, or a mixture not complementary to known cellular RNA, was cotransfected in HEK293T cells together with either Di-HIF or Di-PITSLRE. Western blot analysis with an anti-PTB antibody showed much lower levels of endogenous PTB 48 h after transfection of PTB siRNAs compared with PTB expression levels in cells transfected with non-specific siRNAs ( Figure 6B) . Expression of the unrelated b-actin protein was unchanged, indicating the specificity of the PTB siRNA. siRNA-mediated knockdown of PTB led to a 2-fold decrease of HIF-1a IRES activity. As expected, this was not seen with the PITSLRE IRES ( Figure 6B ). All together, these data indicate that PTB has a positive impact on HIF-1a IRESmediated translation.
PTB stimulates HIF-1a IRES activity during hypoxia
To evaluate the role of PTB in the induction of HIF-1a IRES activity during oxygen deprivation, we compared the IRES activities of different fragments of the HIF-1a IRES under normoxic and hypoxic conditions. The bicistronic reporter constructs Di-HIF, Di-HIFdelPPT, Di-HIFdel1 and DiHIFdel2, containing the wild-type HIF-1a IRES and the fragments HIF-delPPT, HIF-del1 and HIF-del2 (see also Figure 3A ) as intercistronic sequences, respectively, were transfected in HEK293T cells, and subsequently grown under normoxic or hypoxic conditions. Figure 7A shows that translation driven by the wild-type HIF-1a IRES and by the HIF-del1 fragment was induced upon oxygen deprivation, while translation driven by fragments missing the PPTsequence remained unchanged. Thus, the ability of oxygen deprivation to induce the activity of the different IRES fragments correlates with their ability to bind PTB (also see Figure 3 ).
To further investigate the role of PTB in the induction of HIF-1a IRES activity during oxygen deprivation, we tested whether blocking the function of endogenous PTB by overexpressing the DPTB fragment can counteract the induction of IRES activity. The bicistronic reporter plasmid Di-HIF was cotransfected in HEK293T cells, together with either an empty pCAGGS vector or a pCAGGS vector harboring the coding sequence of the DPTB polypeptide (pcDPTB). As expected, expression of the cap-dependent cistron was inhibited by hypoxia in pCAGGS-transfected and in pcDPTB-transfected cells ( Figure 7B ). As shown before in Figure 6A , overexpression of DPTB impedes HIF-1a IRES-mediated translation in normoxic conditions. Interestingly, the hypoxiainduced stimulation of the HIF-1a IRES (pCAGGS transfectants) was completely blocked in the pcDPTB transfectants, The cells were lysed 24 h later, and luciferase activities were measured. The bars represent the average (n ¼ 3) ± SD of the calculated ratio between Renilla luciferase and firefly luciferase. Bars are representative of three independent experiments. Western blot analysis using anti-PTB and anti-actin antibodies confirmed the knockdown of PTB whereas the expression of actin was unchanged.
indicating that PTB positively modulates the HIF-1a IRES activity during oxygen deprivation.
DISCUSSION
The hypoxia-inducible factor-1a mRNA contains an IRES in its 5 0 -UTR that allows efficient translation during normoxia and hypoxia (12) . In the present study, we set out to identify the mechanisms that regulate HIF-1a IRES-mediated translation in normoxic and hypoxic conditions. We began to survey the HIF-1a 5 0 -UTR for consensus binding sequences of known RNA-binding proteins. The presence of a pyrimidine-rich tract in the HIF-1a IRES suggested that PTB might be an HIF-1a IRES-binding factor. Using UV-crosslinking and RNA affinity, we showed that PTB specifically binds to the HIF-1a IRES. The interaction with PTB appears to be a common feature of many IRESs, but not all of them, as we could not detect binding of PTB to the PITSLRE IRES. For several of these IRESs, interaction with PTB seems to require a polypyrimidine tract usually located near the start codon (30, 38, 39) . Also in the case of the HIF-1a IRES, a polypyrimidine tract sequence located at nt 223-237, is essential for PTB interaction.
Our results also demonstrate that PTB is a positive modulator of HIF-1a IRES-driven translation. Transient overexpression of the vector encoding PTB increased the HIF-1a IRES activity. In contrast, HIF-1a IRES activity was inhibited by disruption of PTB function, either by overexpression of a dominant-negative fragment of PTB or by knockdown of PTB protein expression by RNA interference. These results indicate that the status of PTB in the cell can potentially modulate translation initiated by the HIF-1a IRES during hypoxia.
Interestingly, the binding of the positive modulator PTB to the HIF-1a IRES is enhanced during oxygen depletion. Moreover, this observation parallels an increasing HIF-1a IRES activity, which could be counteracted by overexpression of dominant-negative PTB. In addition, HIF-1a IRES mutants incapable of binding PTB did not show any stimulatory effect during oxygen deprivation. All together, our results demonstrate that the induction of HIF-1a IRES activity during hypoxia depends on the binding of PTB to the HIF-1a IRES, and indicates that PTB plays an essential role in the up-regulation of HIF-1a protein expression during hypoxia.
Although PTB is found predominantly in the nucleus, it also shuttles between the nucleus and the cytoplasm (40) . However, we could exclude that the enhanced binding of PTB to the HIF1a IRES during hypoxia is due to increased translocation of nuclear PTB into the cytoplasm, since we did not observe any accumulation of PTB in the cytoplasm upon oxygen deprivation. Alternatively, enhanced binding of PTB to the HIF-1a IRES could result from secondary modifications of cytoplasmic PTB that alter its affinity for the HIF-1a IRES RNA. It has been shown that phosphorylation of hnRNPC1/C2 proteins upon TPA stimulation enhances their binding to the IRES present in the c-sis (PDGF-B) mRNA (41) . It is also possible that the binding of other proteins to the IRES impact the binding of PTB. It has been illustrated that the binding of unr protein to the Apaf-1 IRES induces modifications in the secondary structure of the IRES that promote the binding of PTB to the IRES (38) . Similarly, hypoxia may alter the binding of other proteins to the HIF-1a IRES to promote the binding of PTB.
HIF-1 acts as an oxygen sensor and activates the transcription of several genes (e.g. VEGF, FGF) upon oxygen depletion (1-7). Interestingly, an IRES has been shown to be involved in the translation of the mRNA of several of the HIF-1 targets (VEGF-A, FGF-2, PDGF-2, IGF-2) (19, (42) (43) (44) . It would be very interesting to investigate a role for PTB as a modulator for these IRESs. Binding of PTB to a polypyrimidine tract within the VEGF IRES has already been reported by Huez et al. (45) . IRESs have been identified not only in HIF-1 target genes, but also in the mRNA of genes whose expression is induced by hypoxia independently of the HIF-1 transcription factor (ODC, p27, PKCd, Rbm3) (46) (47) (48) (49) . Similar to the HIF-1a IRES, the IRES present in the VEGF mRNA is also stimulated by oxygen deprivation (12, 19) . The observation that PTB can also bind to a polypyrimidine tract within the VEGF and p27 IRESs suggests that its binding might be involved in their activity during hypoxia (25, 45) . IRES-mediated translation, orchestrated by PTB, might therefore be a general theme in the cellular response to hypoxia.
